An automated method for two-dimensional spatial depiction (mapping) of quantitative physiological tissue characteristics derived from contrast-enhanced MRI was applied to a model of inflammatory disease represented by antigen-induced arthritis of the temporomandibular joint in the rabbit. Specifically, an established two-compartment kinetic model of unidirectional mass transport was implemented on a pixel-by-pixel basis to generate maps of tissue permeability surface area product (PS) and fractional blood volume (BV) based on dynamic MRI intensity data after administration of albumin-(Gd-DTPA)30, a prototype macromolecular contrast medium designed for blood pool enhancement. Maps of PS and BV in a disease model of induced arthritis clearly depicted zones of increased permeability (up to ~200 (il/cc/h-compared to 25 ul/cc/h in normal tissues).
THE USE of contrast-enhancing agents in conjunction with MRI provides an opportunity to extract physiological information, in addition to the superb anatomical data offered by unenhanced images. Small-molecular-weight contrast media, such as Gd-DTPA dimeglumine, have provided a clinically useful tool for MRI depiction of abnormalities in the blood-brain barrier [1] , while blood pool agents now under development are designed to define tissue microvascular characteristics [2] [3] [4] [5] . Ideally, variations in tissue physiology as defined by contrast agent kinetics should be displayed on an anatomical template, in a form easily interpreted by the diagnostic physician; complex, time-consuming post-processing techniques may limit clinical utilization [6] .
In this study a novel, rapid and automated method for generating anatomical maps of physiological tissue characteristics was tested in an animal model of antigen-induced arthritis of the temporomandibular joint (TMJ) [7] . The disease model has been previously shown to increase transendothelial microvascular permeability [8] [9] [10] . This new mapping technique was implemented on dynamic MRI intensity data enhanced with the prototype blood pool contrast agent albumin-(Gd-DTPA)3o, a macromolecule that has been shown to be useful for the quantification of fractional blood volume and endothelial permeability in selected regions [11] [12] [13] .
MATERIALS AND METHODS

Magnetic resonance imaging
All MRI data were obtained from a previous study Correspondence to: Fraud Demsar, Jozef Stefan Institute, Jamova 39,61000 Ljubljana, Slovenia. [8] . Briefly, MRI was performed on an Omega CSI-II system (Bruker Instruments, Fremont, CA), operating at 2T. A non-enhanced strongly T\ -weighted image set was obtained before contrast medium administration. Subsequently, serial MRI was performed at 2 min intervals for 30 min to generate 15 post-contrast image sets for computer analysis.
Animals and experimental protocol
All studies were performed with the approval of the UCSF Committee on Animal Research. Arthritis was induced as described previously [7] by intra-articular injection of antigen into the left TMJ in four presensitized male New Zealand White rabbits 7 days before imaging. Four additional presensitized rabbits were injected intra-articularly with saline as controls.
MR contrast medium
Albumin-(Gd-DTPA)30, a prototype blood pool contrast agent for MRI, was administered in a dose of 0.02 mmol/kg via a marginal ear vein. This compound, synthesized in our laboratory, has been well characterized as a blood pool contrast agent [3, 14, 15] . The T x relaxivity in water/Gd at 20 MHz and 39°C is 14.4/(mmol s).
Data analysis
Theoretical bases for magnetic resonance (MR) estimates of fractional blood volume (BV) and permeability surface area product (PS). To obtain a measure of magnetic resonance signal intensity proportional to tissue albumin concentration, C T , a map was constructed by subtracting pre-contrast signal intensity from post-contrast values on a pixel-by-pixel basis. The validity of such an approximation can be justified at relatively small concentrations of contrast O 1996 British Society for Rheumatology
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MRI IN THE ASSESSMENT OF RA agent [11, 12, 16] . The model assumes that little or none of the albumin-Gd-DTPA which enters the extravascular space returns to the intravascular compartment during the time course of the imaging experiment. Then C T _E(0 is proportional to the time integral of C T _ B (0 so that (1) where FLR is the fractional leak rate of the macromolecular contrast medium (MMCM) from blood to the extravascular space of the tissue. Furthermore Ox -B is related to the C B(0 such that (2) where BV is the fractional blood volume of tissue T (ml/cc of tissue). CriO is obtained by summing equations (1) and (2):
C T (t) = BVC B (t) + FLRJ C B (t)dt'
0
Dividing both sides of equation (3) by C B(0 yields [28] the intercept BV and slope PS can be determined from signal intensity data obtained from tissue and venous blood by a regression procedure, which could be performed on a pixel-by-pixel basis [17] and depicted in grey scale.
RESULTS
The antigen-induced arthritis model consistently demonstrated histological evidence of severe synovia! inflammation in the TMJ with synovial and villous hyperplasia and pannus formation [7, 8] . Control animals receiving only saline injection showed no arthritis. BV and PS maps in arthritic animals indicated localized increases of PS in synovium and high BV in mandibular condyle in the region of the TMJ, while controls showed no localized increases for either BV or PS (Fig. 1) .
DISCUSSION
Leakage of plasma proteins from small blood vessels represents the earliest phase of inflammation. The mechanism of leakage is attributed to chemical mediators released by injured tissues, including histamine and prostaglandins, that are known to produce changes in endothelial cells of microvessels. In response to inflammatory mediators, these cells contract, forming intercellular gaps which allow intravascular fluids and macromolecular solutes to leak into the interstitial space [18] .
Recently a rapid automated computer-based technique for data analysis and generation of pixel maps was developed and used in disease models of adenocarcinoma, intramuscular abscess inflammation and myocardial reperfusion injury [17] . Our data show that blood volume (BV) and permeability surface area product (PS) maps can be generated by this new technique in a model of induced arthritis. The histologically confirmed pathology was highlighted on the PS maps as regions of locally increased PS. Regional differences in BV and permeability were also confirmed by more laborious region-of-interest analysis. However, the distribution of tissues with high values for each variable were more easily identified from the maps.
Our results differ from previous efforts with regard to the contrast agent (albumin-(Gd-DTPA)jo] employed, which allows for a simple, quantitative estimate of BV and PS. In contrast, mapping the distribution of small paramagnetic Gd-chelates, such as Gd-DTPA, is inaccurate outside the central nervous system because of the high and variable permeability of such contrast agents even in normal tissues [6, 19] .
In conclusion, the use of a new method to generate BV and PS maps from MMCM enhanced dynamic MRI signal intensity data is presented for an animal model of antigen-induced arthritis. This method can be applied to experimental MRI investigations to highlight and characterize microvascular pathophysiology. The method has potential for clinical application, and offers a convenient format for the identificaiton of lesions, for the evaluation of responses to therapy and for the more complete characterization of vascular abnormalities [17] .
